Haloalkane dehalogenase (HD) catalyzes the hydrolysis of haloalkanes via a covalent enzyme-substrate intermediate. Fusing a target protein to an HD variant that cannot hydrolyze the intermediate enables labeling of the target protein with a haloalkane in cellulo. The utility of extant probes is hampered, however, by background fluorescence as well as limited membrane permeability. Here, we report on the synthesis and use of a fluorogenic affinity label that, after unmasking by an intracellular esterase, labels an HD variant in cellulo. Labeling is rapid and specific, as expected from the reliance upon enzymic catalysts and the high membrane permeance of the probe both before and after unmasking. Most notably, even high concentrations of the fluorogenic affinity label cause minimal background fluorescence without a need to wash the cells. We envision that such fluorogenic affinity labels, which enlist catalysis by two cellular enzymes, will find utility in pulse-chase experiments, high-content screening, and numerous other protocols.
Introduction
The labeling of proteins with genetically encoded autofluorescent proteins has revolutionized cell imaging.
1 These "tags" can reveal subcellular localization, dynamics, and chemical environment. Nonetheless, the utility of autofluorescent proteins has notable limitations, including the restriction of "one clone-one color" and an inability to label temporally disparate pools of protein by using a single genetic construct, thereby precluding pulse-chase as well as other types of experiments.
A recent development has overcome some limitations of autofluorescent proteins. Specifically, genetically encoded enzymic tags now enable the use of small-molecule fluorophores to label proteins in cellulo.
3-5 A key advantage of these systems is their modularity. With a single genetic construct, a wide variety of substrate analogs, including fluorophores with disparate spectral properties, 3 can be attached to a fusion protein of interest (i.e., one clone-many colors) at any time. In addition, this approach avails the high reactivity that has evolved within enzymic active sites. Second-order rate constants for enzyme-mediated labeling have been reported to be as high as 2.7 ¥ 10 6 M -1 s -1 , 4 which exceeds by over a million-fold any rate constant reported for a chemoselective labeling reaction involving only small molecules (such as variations of the Huisgen 1,3-dipolar azide-alkyne cycloaddition or Staudinger ligation).
mediate that undergoes hydrolysis. An HD variant that cannot perform the second, hydrolysis step (HaloTag R ) reacts rapidly and specifically to form a covalent adduct with a wide variety of chloroalkanes, including assorted fluorophores of varied spectral and physiochemical properties.
4,8
Still, problems remain with HD and other enzymic fusion tags. Background fluorescence from excess probe and the inefficient passage of small-molecule probes through cellular membranes are especially problematic, necessitating long incubation times or vigorous washing steps. We reasoned that a latent fluorophore based on the venerable trimethyl lock system 9,10 could both diminish background fluorescence and enhance cellular delivery. Accordingly, we designed and synthesized probe 1 (Fig. 1 ) as an affinity label for HD and tested its ability to label HD in living cells. The results are indicative of an advantageous means to label proteins in cellulo.
Results and discussion

Design and synthesis of probe 1
The design of probe 1 was based on previous work in which the trimethyl lock system was used to mask the intrinsic fluorescence or absorbance of a small molecule.
11-19
The trimethyl lock moiety is stable to spontaneous hydrolysis, but susceptible to intracellular esterase-catalyzed hydrolysis. The use of a urea moiety rather than a second trimethyl lock allows for single-hit kinetics and the facile addition of reactive groups for bioconjugation. 12 The trimethyl lock-urea system is modular, accommodating a variety of dyes and appendages for bioconjugation.
We synthesized probe 1 by condensing two fragments: a fluorogenic substrate for a cellular esterase and a chloroalkane affinity label for HD (Scheme 1). Briefly, known t-Boc-rhodamine 4 12 was subjected to reaction with an in situ-generated isocyanate from protected succinate 5 20 to generate t-Boc-rhodamine-urea 6. Deprotection with trifluoroacetic acid furnished the urearhodamine 7 that underwent carbodiimide-mediated coupling with trimethyl lock acid 8 21 to give benzyl-protected 9. Removal of the benzyl group by catalytic hydrogenation at -5
• C 22 afforded acid 10. Activation of the acid to the succimidyl ester, followed by reaction with alkyl chloride 11 gave the desired probe 1.
Cell imaging with probe 1
We compared the utility of probe 1 for live-cell imaging with that of known probes 2 (diAcFAM) and 3 (R110Direct TM ). In these experiments, we used a cell line, U2OS, that had been stably transfected to produce a nucleus-directed HD variant (HaloTag R -NLS 3 ). The nuclear envelope is covered with pores that allow small molecules such as probes 1-3 to enter the nucleus by passive diffusion from the cytosol.
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We found that images of U2OS cells exposed to probes 1-3 differed significantly. Incubation of cells with probes 2 and 3 resulted in non-specific fluorescence after 15 min ( Fig. 2A ). This unsolicited fluorescence was intracellular for 2 and extracellular for 3. In contrast, probe 1 showed remarkable specificity with virtually no background fluorescence. Additionally, imaging with Scheme 1 Synthesis of probe 1. 1 was strikingly rapid, as images had developed nearly fully after only 10 min (Fig. 2B ). Labeling with a ten-fold higher concentration of 1 retained specificity without a large increase in background fluorescence (Fig. 2C ).
We suspected that the variation in labeling between the fluorogenic affinity labels 1 and 2 is due to differing abilities of the masked and unmasked probes to cross the cell membrane. Although masked 1 and 2 have a net charge of Z = 0, unmasked 1 has Z = 0 whereas unmasked 2 has Z = -2. Cell images suggest that unmasked 2 that has not reacted with the HD variant becomes trapped in the cell, leading to intracellular background fluorescence ( Fig. 2Aii and v) . Conversely, unmasked 1 that has not reacted with the HD variant can exude from the cell, leading to low background fluorescence.
The low background fluorescence observed with probe 1 could be attributed solely to the latency of its fluorescence. To address this issue, we treated probes 1 and 2 with porcine liver esterase prior to the no-wash labeling procedure. As anticipated from its net charge of Z = -2, unmasked 2 was largely membrane impermeant ( Fig. 2Dii) . Remarkably, unmasked 1 ( Fig. 2Di ) displayed much less intracellular and extracellular background fluorescence than did 3 (Fig. 2Diii ). These data demonstrate that the fluorescencemasking trimethyl lock moiety is not the singular determinant for preventing extracellular background fluorescence. Rather, the intrinsic cell-permeability of probe 1, in its masked and unmasked state, plays an important role.
Probe lipophilicity
To seek an explanation for the differences in probe internalization, we first calculated the value of logD 24, 25 for the predominant form of relevant labels at pH 7.4 (Table 1) . Because increased lipophilicity generally correlates with increased membrane permeability,
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probes with higher logD values are expected to permeate the membrane more rapidly. The relatively low calculated logD value of unmasked 2 corresponds with its slower rate of internalization. There is, however, only a small difference between the calculated values of unmasked 1 and 3, even though cell-imaging experiments demonstrate that unmasked 1 is much more membrane permeant (Fig. 2D ).
The inconsistency in the anticipated and demonstrated membrane permeability led us to hypothesize that the increased rate of internalization of unmasked 1 relative to 3 is due to perturbation of the lactone-quinoid equilibrium of the two rhodamine-based dyes 12 ( Fig. 3) . We reasoned that electron-withdrawal by the urea moiety shifts the equilibrium somewhat from the relatively membrane-impermeant quinoid (which is zwitterionic and hence polar) to the lactone. To investigate the propensity of rhodamine-urea dyes to form the lactone, we determined the effect of solvent dielectric constant (e) on the lactone-quinoid equilibrium of unmasked 1 and related compounds 12 (rhodamine 110) and 13 (a rhodamine-urea).
12 The ultraviolet-visible spectrum of the quinoid is characterized by a relative absorbance maximum at~500 nm, which is absent in the spectrum of the lactone. 27 The value of e was varied by altering dioxane/water ratios. 28 We found that formation of the less polar lactones of unmasked 1 and 13, which contain a urea moiety, is favorable in solutions of higher polarity than with compound 12 (Fig. 4) . We conclude that the increased rate of internalization of rhodamine-urea dyes is likely due to their increased propensity for lactone formation. This feature ameliorates the difficulty of cell-membrane penetration and lowers background fluorescence.
Recapitulation
Together, the data indicate that probe 3, which is always fluorescent, is not especially membrane-permeant and produces much extracellular, background fluorescence with our rapid-imaging protocol ( Fig. 2A, panels iii and vi) . Although the acetyl groups of probe 2 mask its fluorescence, these groups are vulnerable to hydrolysis in cell-free medium and even PBS.
12 At short time scales (i.e., minutes), the resultant unmasking is not a severe problem. The intracellular background is due to the anionic unmasked fluor that has not reacted with the HD protein but cannot exit the cell because of its membrane impermeance. Only probe 1 has the attributes necessary. 
Conclusions
We have demonstrated that probe 1 is a useful cell-permeant affinity label for the facile, rapid labeling of target proteins in live cells. The omission of wash steps is particularly advantageous for the labeling of proteins in non-adherent cells, which are more tedious to separate from excess probe than are adherent cells. In addition, as probe 1 exhibits low background fluorescence, little effort is needed to determine a useful concentration. This attribute could be useful for the labeling of target proteins within a population of transiently transfected cells. The rapidity of cellular labeling with probe 1 enables interrogations with high temporal resolution. This attribute is particularly beneficial for pulse-chase experiments, which require differential labeling of temporally disparate pools of protein. Finally, we suspect that probe 1 will be useful in high-content screens, wherein wash steps, optimization of label concentration, and probe instability are especially problematic and costly. Accordingly, we envision that probe 1 and analogous fluorogenic affinity labels will be a useful addition to the armamentarium for the labeling of proteins in cellulo.
Experimental
Synthesis of 1 General. Amine 11 was a generous gift from the Promega Corporation (Madison, WI). Dimethylformamide (DMF), tetrahydrofuran (THF), and dichloromethane (CH 2 Cl 2 ) were drawn from a Baker CYCLE-TAINER solvent delivery system. All other reagents were obtained from Sigma (Saint Louis, MO) or Fisher Scientific (Hanover Park, IL) and used without further purification.
Thin-layer chromatography was performed with aluminiumbacked plates coated with silica gel containing F 254 phosphor and visualized by UV illumination or staining with I 2 , ceric ammonium molybdate, or phosphomolybdic acid. Flash chromatography was performed by using open columns loaded with silica gel-60 (230-400 mesh), or on a FlashMaster Solo system (Argonaut, Redwood City, CA) with Isolute Flash Si II columns (International Sorbent Technology, Hengoed, Mid Glamorgan, UK). The term "concentrated under reduced pressure" refers to the removal of solvents and other volatile materials using a rotary evaporator at water-aspirator pressure (<20 mm Hg) while maintaining the water-bath temperature below 40
• C. NMR spectra were obtained with a Bruker DMX-400 Avance spectrometer at the National Magnetic Resonance Facility at Madison (NMRFAM). Mass spectrometry was performed with a Micromass LCT (electrospray ionization, ESI) mass spectrometer in the Mass Spectrometry Facility in the Department of Chemistry.
Synthesis of succinic acid monobenzyl ester (5). Compound 5
was synthesized according to a published procedure. 20 To increase compound purity, the white crystalline material afforded in the published procedure was dissolved in a minimal amount of 1:1 hexanes/EtOAc and cooled to 4
• C. Crystallization was initiated by the dropwise addition of hexane (~20 drops). The mixture was stored overnight at -20
• C. The crystals were isolated by filtration, washed with cold hexane (4 • C), and dried in the air. Residual solvent was removed under high vacuum to yield compound 5 as a white crystalline solid (3.44 g, 83%) . 1 
Synthesis of t-Boc-rhodamine-urea 6.
Succinic acid monobenzyl ester (5; 193 mg, 0.929 mmol) was dissolved in anhydrous THF (2.0 mL) under Ar(g). Hünig's base (DIEA; 202 mL, 1.16 mmol) was then added, followed by the dropwise addition of diphenyl phosphoryl azide (DPPA; 256 mg, 0.929 mmol). The solution was stirred for 6 h and subsequently heated at reflux for an additional 2 h. Then, known t-Boc-rhodamine 4 12 (100 mg, 0.232 mmol) was added, and the reaction mixture was stirred at reflux for 18 h. The reaction mixture was then partitioned between 5% v/v HCl(aq) and CH 2 Cl 2 . The organic extract was washed consecutively with 5% v/v HCl, water (3¥), 5% w/v NaHCO 3 (aq) (2¥), water (3¥), and brine, and dried over MgSO 4 Synthesis of rhodamine-urea 7. t-Boc-rhodamine-urea 6 (54.0 mg, 0.0848 mmol) was dissolved in CH 2 Cl 2 (2.0 mL). Trifluoroacetic acid (TFA, 400 mL) was added, and the reaction mixture was stirred at 0
• C for 2 h. The reaction mixture was then allowed to warm to ambient temperature and stirred for an additional 3 h. The solution was concentrated under reduced pressure, and residual TFA was removed by azeotropic distillation with toluene. The residue was then dissolved in a minimal amount of acetone and purified by column chromatography (silica gel, 5→10% v/v MeOH:CH 2 Cl 2 ) to afford compound 7 as an orange crystalline solid (40 mg, 88%). under reduced pressure, and the residue was dissolved in CH 2 Cl 2 (200 mL). The resulting solution was washed consecutively with 5% v/v HCl(aq), water, saturated NaHCO 3 (aq), and brine. The organic fraction was dried over Na 2 SO 4 (s). The residue was purified by column chromatography (silica gel, 4:6→5:5 hexanes/EtOAc) to give compound 9 as an orange solid (46 mg, 81%). 1 12 (s, 2H), 3.57-3.50 (m, 2H), 2.63-2.61 (m,  4H), 2.43 (s, 3H), 2.37 (s, 3H), 2.21 (s, 3H), 1.69-1.67 (m, 6H) . 13 Synthesis of probe 1. Compound 10 (26 mg, 0.038 mmol) was dissolved in DMF and pyridine (1.0 mL each). EDC (22 mg, 0.113 mmol) was added, and the resulting mixture was stirred for 1 h. N-Hydroxysuccinimide (NHS; 13 mg, 0.113 mmol) was then added, and the reaction mixture was stirred for 36 h under Ar(g). The solution was concentrated under reduced pressure, and the residue was partitioned between 10% w/v citric acid(aq) and CH 2 Cl 2 . The layers were separated, and the aqueous layer was extracted with CH 2 Cl 2 . The organic extracts were combined, washed consecutively with water and brine, and dried over Na 2 SO 4 (s) to give the crude succinimide intermediate as a pale-yellow solid (35 mg). This intermediate (35 mg) was then dissolved in 2.0 mL of 9:1 DMF/DIEA. Amine 11 (10 mg, 0.044) was added, and the reaction mixture was stirred under Ar(g) for 72 h. The solution was concentrated under reduced pressure, and the residue was partitioned between EtOAc and 6% v/v HCl(aq). The layers were separated, and the aqueous phase was extracted with EtOAc. The organic extracts were combined, washed consecutively with water and brine, and dried over Na 2 SO 4 (s 
Cell imaging
General. Probe 2 and U2OS cells were generous gifts from Promega. Probe 3 was from Promega. Rhodamine 110 was from Sigma-Aldrich. Cell-culture medium was from Invitrogen or Hyclone (Fisher Scientific). Dulbecco's phosphate-buffered saline (PBS) and fetal bovine serum were from Invitrogen. Porcine liver esterase, MW~163 kDa, as a suspension in 3.2 M (NH 4 ) 2 SO 4 was from Sigma Chemical (product number E2884). For labeling experiments, fluorogenic and fluorescent probes were stored as stock concentrations in DMSO and diluted such that DMSO concentration did not exceed 1%. Absorbance measurements were recorded at ambient temperature (23 ± 2
• C) in 1-cm path-length cuvettes on a Cary model 50 spectrometer from Varian.
Cell preparation. U2OS cells (ATCC HTB-96TM) were plated on glass-bottom culture dishes (35 ¥ 10 mm; Electron Microscopy Sciences) and grown to 60-90% confluence at 37
• C in McCoy's 5A modified media containing FBS (10% v/v). Prior to the addition of probes, the medium was replaced with phenol red-free McCoy's 5A medium (800 mL) that had been incubated at 37
• C. Probes were dissolved at a 5¥ working concentration in phenol redfree medium (200 mL) that had been incubated at 37
• C. For the experiments with unmasked probes (Fig. 2D) , porcine liver esterase (10 mL, 1.66 U/mL) was then added, and the resulting medium was incubated at room temperature for 3 1 2 h. The probecontaining medium was added to the cell-containing medium, and the resulting medium was incubated at 37
• C. Cells were visualized by confocal microscopy after 10, 15, or 30 min.
Microscopy. Images of cells were obtained with a Nikon
Eclipse TE2000-U confocal microscope equipped with a Zeiss AxioCam digital camera. Excitation at 488 nm was provided by an argon-ion laser, and emission light was passed through a filter centered at 515 nm and having a 40-nm band-pass. Brightfield images indicated that the cells were alive and appeared to have normal physiology, both before and after imaging.
Ultraviolet-visible spectroscopy
For each measurement, a probe was initially added to 20 mL PBS. To unmask the fluorescence of 1, porcine liver esterase (3.0 mL, 1.66 U/mL) was added, and the solution was left at ambient temperature for 4 h. Then, varying ratios of water and dioxane were added to a final volume of 200 mL, and absorbance was measured from 400-600 nm.
Calculation of logD
The parameter logD refers to the ratio of concentration of all probe microspecies (including both ionized and neutral forms) in octanol to that in water, according to eqn ( 
Values of logD were calculated with ACD/PhysChem Suite, version 12.
29 Parameters of fluorescein (pK a 6.32 30 ; logD -0.99 31 ) and rhodamine 110 (logD 0.8 32 ) were entered into the software training database.
